Alterations in the production of or the sensitivity to leptin, the protein encoded by the ob gene, cause obesity and diabetes in rodents. We evaluated the isolated relationship between leptin and insulin sensitivity in lean and obese humans. Three groups of subjects who were carefully matched for either insulin sensitivity (determined by the modified intravenous glucose tolerance test and minimal model analysis) or adiposity (determined by hydrodensitometry) were studied: i ) lean insulin-sensitive men (percentage body fat, 15 ± 1% ); £) lean insulinresistant men (percentage body fat, 16 ± 1%), matched on percentage body fat and fat mass with the lean insulinsensitive group; and #) obese insulin-resistant men (percentage body fat, 31 ± 3), matched on insulin sensitivity with the lean insulin-resistant group. Basal plasma leptin concentrations were significantly lower in the lean insulin-sensitive than in the lean insulin-resistant men (1.90 ± 0.4 vs. 4.35 ± 1.21 ng/ml, P < 0.05) despite identical body composition. Plasma leptin in the obese men (9.27 ± 1.4 ng/ml) was significantly higher than values in the two lean groups (P < 0.01). Marked alterations in plasma glucose and insulin concentrations induced by glucose and tolbutamide injection did not cause any change in plasma leptin levels. These results demonstrate that insulin resistance is associated with elevated plasma leptin levels independent of body fat mass. However, plasma insulin itself does not acutely regulate leptin production. Diabetes 45:988-991, 1996 I dentification of the obese gene and its protein product, leptin, has increased our understanding of the pathophysiology of obesity. In ob/ob mice, a mutation in the ob gene prevents normal leptin production by adipose tissue, which causes both obesity and diabetes (1). Treatment of ob/ob mice with leptin decreases body weight and normalizes blood glucose concentration (2). In fact, changes in glycemia precede changes in body weight (2), suggesting that leptin may have a direct effect on insulin action. Furthermore, insulin may also have a direct effect on leptin production. Studies performed in whole rats and in primary rat adipocytes demonstrate that insulin directly regulates ob gene expression (3). These data suggest that there are several important interactions between insulin and leptin, in which each hormone may be involved in regulating the function of the other.
I dentification of the obese gene and its protein product, leptin, has increased our understanding of the pathophysiology of obesity. In ob/ob mice, a mutation in the ob gene prevents normal leptin production by adipose tissue, which causes both obesity and diabetes (1) . Treatment of ob/ob mice with leptin decreases body weight and normalizes blood glucose concentration (2) . In fact, changes in glycemia precede changes in body weight (2) , suggesting that leptin may have a direct effect on insulin action. Furthermore, insulin may also have a direct effect on leptin production. Studies performed in whole rats and in primary rat adipocytes demonstrate that insulin directly regulates ob gene expression (3) . These data suggest that there are several important interactions between insulin and leptin, in which each hormone may be involved in regulating the function of the other.
However, the relationship between these two hormones is difficult to evaluate in humans because of the confounding influence of body fat mass on both plasma leptin levels and insulin sensitivity/concentration; plasma leptin and insulin concentrations increase with increasing body fat mass (4) . Accordingly, the primary purpose of this study was to evaluate the relationship between insulin sensitivity and plasma leptin concentrations, independent of the confounding influence of body composition, and to evaluate whether acute alterations in plasma insulin and glucose concentrations affect plasma leptin levels. Three groups of subjects who were carefully matched for either insulin sensitivity or adiposity were studied: 1) lean insulin-sensitive men; 2) lean insulin-resistant men, matched by adiposity with the lean insulin-sensitive group; and 3) obese insulin-resistant men, matched by insulin sensitivity with the lean insulin-resistant group. This approach served to avoid the usual colinearity and confounding between insulin sensitivity and body fat content. Plasma leptin concentrations were determined during basal conditions and during a modified intravenous glucose tolerance test, in which there are dramatic and reproducible changes in plasma glucose and insulin concentrations.
RESEARCH DESIGN AND METHODS
Subjects. Three groups of men, aged 25-40 years, who were carefully matched on the basis of body composition and insulin sensitivity participated in this study (Table 1) . Two of the groups were lean men who were matched on percentage body fat (the modified intravenous glucose tolerance test) (5) . The third group consisted of obese men matched to the lean insulin-resistant subjects on insulin sensitivity. All subjects had normal glucose tolerance despite differences in insulin sensitivity between some groups. The three groups had the same fat-free mass (FFM). All three groups were also matched for physical activity and aerobic fitness to eliminate these potential confounding influences on the interpretation of the study results. All subjects were sedentary, and subjects with a cycle ergometer maximum oxygen consumption (Vo 2max ) measurement of >3.5 1/min were excluded. The study was approved by the Committee for Human Rights in Research of Cornell University Medical College and the Human Studies Committee of Washington University School of Medicine. Informed written consent was obtained from all subjects before their participation. Study protocol. All subjects underwent body composition analysis and Vo 2max testing. An oral glucose tolerance test (OGTT) and an intravenous glucose tolerance test (IVGTT) were completed on separate occasions. The men consumed a weight-maintaining diet containing at least 300 g of carbohydrate per day and refrained from exertion for 3 days before each test. The subjects also abstained from caffeine and alcohol for 24 h before each test.
The OGTT was performed after the subjects fasted for 12 h overnight. Blood samples were drawn at baseline and every 30 min for 2 h after ingestion of 75 g of glucose to measure plasma glucose and insulin concentrations. The National Diabetes Data Group (6) criteria for normal glucose tolerance were used. The IVGTT was also performed Data are means ± SE. *P < 0.001, lean insulin-sensitive and lean insulin-resistant versus obese group.
after the subjects fasted for 12 h overnight as described by Bergman et al. (5) . After an overnight fast, catheters were placed in a forearm vein and a hand vein of the contralateral arm. After 30 min, basal samples were collected at -20, -15, -5, and -1 min. Glucose (300 mg/kg) was injected as a bolus at time 0 over 1 min and flushed with saline to ensure complete delivery. At 20 min, tolbutamide (Orinase I.V., Upjohn, Kalamazoo, MI) was injected over 20 s (300 mg for the lean and 500 mg for the obese men) (5). Blood samples were drawn at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 22, 23, 24, 25, 27, 30, 40, 50, 60, 70, 90, 100, 120, 140, 160, and 180 min for determination of plasma glucose and insulin levels. Minimal model analysis was performed using the Minmod computer program to determine the insulin sensitivity index (S,), which is a measure of the effect of changes in plasma insulin on the kinetics of plasma glucose clearance (5). The units for S, are ixU-ml^-min X 10~4. The range between 1.5 and 3.5 (xU-mP'-min x 10~4 was used to match the insulin-resistant lean and obese groups, and the range from 5 to 8 IxU-mP'min X 10~4 was used for the insulin-sensitive lean group. Blood samples were also obtained at baseline and at 3, 5, 10, 16, 24, 25, 30, 60, 90, 120, and 180 min for determination of plasma leptin concentrations. These time points were selected to evaluate the effects of acute changes in plasma glucose and insulin levels on leptin concentration.
Body fat and FFM were determined by hydrodensitometry, after a 12-h fast, as described by Akers and Buskirk (7). Residual lung volume was estimated by the oxygen dilution method (8) while the subjects were in the water. Percentage body fat and FFM were derived from body density by use of the Siri equation (9) .
Maximal aerobic fitness was determined by a continuous graded cycle ergometer test. The subjects began with unloaded cycling, and the work rate was increased by 25 W every 2 min until volitional exhaustion was reached. Standard criteria for achieving a true Vo 2max were applied (10) . Ventilatory measurements were made continuously with use of a 2900 Metabolic Cart (Sensormedics, Yorba Linda, CA). The subjects breathed through a nonrebreathing valve. Oxygen uptake (Vo 2 ), carbon dioxide (Vco), and ventilation (VE) were measured according to standard procedures. Sample analyses. Basal plasma leptin concentrations were determined by a newly developed radioimmunoassay (Linco Research, St. Louis, MO) using a polyclonal antibody raised in rabbits against highly purified recombinant human leptin (11) . The coefficients of variation for withinand between-run analyses ranged from 3.4 to 8.3% and from 3.6 to 6.2%, respectively. Glucose was measured with a Beckman Glucose Analyzer II (12). Insulin was determined by radioimmunoassay (13) . Statistical analysis. One-way analyses of variance were applied to the leptin, insulin sensitivity data, and subject characteristics. Significant F ratios were followed by post-hoc analyses using the Newman-Keuls procedure (14) . A two-way analysis of variance with repeated measures using group and time as the factors was applied to the repeated measurements of plasma leptin during the IVGTT (14) . Significant F ratios were followed by post-hoc comparisons among cell means, as described above. The 0.05 level of probability was taken to be statistically significant.
RESULTS
The three groups of study subjects were similar with respect to age, height, aerobic fitness, and FFM (Table 1) . By design, the two lean groups were matched for percentage body fat Data are means ± SE. Insulin and glucose areas are integrated over 2 h after 75 g oral glucose. *P < 0.05, lean insulin-sensitive versus lean insulin-resistant and obese groups.
and body fat mass. Body fat mass and percentage body fat were more than two times greater in the obese men than in the two lean groups. Basal insulin and the integrated insulin response to oral glucose (Table 2) were significantly lower in the lean insulin-sensitive men than in the other two groups. Basal plasma glucose and the glucose response area were not different among the three groups. Insulin sensitivity was significantly lower in the lean insulin-sensitive group than the other two groups (Fig. 1) . Basal plasma leptin concentration was significantly greater in the insulin-resistant than in the insulin-sensitive lean men (Fig. 1) (P < 0.05). Plasma leptin was greater in the obese men than in the lean insulin-sensitive or insulinresistant men (P < 0.05).
The time course of plasma leptin, glucose, and insulin changes during the intravenous glucose tolerance test is shown in Fig. 2 . The S T was calculated from the individual glucose and insulin levels; therefore, neither the changes in plasma glucose and insulin nor the differences between groups at individual time points were tested for statistical significance. Plasma leptin concentrations remained remarkably stable during the first 120 min of the IVGTT, when there were marked changes in plasma glucose and insulin concentrations (Fig. 2) . However, there was a 12 ± 2 and 9 ± 2% decrease in plasma leptin concentrations at 180 min compared with basal values in the obese and lean insulinresistant men, respectively (P < 0.05).
DISCUSSION
The present study determined the relationship between insulin sensitivity and plasma leptin concentration by use of an experimental design in which the usual correlations between adiposity, insulin resistance, and leptin production were uncoupled. The present investigation provides the first evidence for an independent relationship between insulin resistance and leptin levels. Compared with insulin-sensitivity in lean subjects, insulin-resistance in lean men is associated with an elevation in plasma leptin. Circulating leptin is further increased in obese men compared with lean men with a similar degree of insulin resistance, which demonstrates the distinct contribution of obesity and supports previous reports of increased expression of the human OB gene in obesity (15) .
The interaction between insulin sensitivity and leptin concentration may be important in the regulation of body weight. It has been hypothesized that insulin resistance itself protects against weight gain. Longitudinal observations in Pima Indians suggest that future weight gain is associated with insulin sensitivity; subjects who were more insulin resistant had a lower rate of weight gain than those who were more insulin sensitive (16) . In addition, Yost et al. (17) found that the magnitude of improvement in insulin sensitivity after weight loss in obese subjects was directly related to recidivism; the greater the improvement in insulin sensitivity the greater and more rapid the regain in body weight. The results of the present study suggest that insulin resistance might help prevent obesity by increasing plasma leptin concentrations. However, the importance of leptin in regulating body weight in humans is not clear. The increase in plasma leptin concentration observed with increasing adiposity (18) suggests that obese humans may be resistant to the putative effects of leptin in modulating food intake and energy expenditure. Plasma leptin levels remained remarkably stable during the first 2 h of the IVGTT protocol, despite two significant peaks in plasma insulin within the first 30 min. These data are consistent with recent studies that found circulating leptin did not change in response to meal ingestion (11, 19) . Therefore, in contrast to data observed in rats (3), acute changes in insulin concentration do not play a regulatory , and leptin (C) concentrations during the modified IVGTT. Glucose injection (16.7 mmol/kg body wt) was given at time 0, followed by tolbutamide injection (300 mg for lean subjects, 500 mg for obese subjects) at time 20 min. *P < 0.05 for 180 min versus basal plasma leptin.
role in leptin production. However, we did find that plasma leptin concentration declined by -10% at 180 min of the IVGTT, which coincides with the time of day that leptin is normally lowest, independent of feeding (19) . Thus, it is likely that the decline in leptin observed at the end of the IVGTT in the present study may simply reflect a superimposed circadian rhythm in leptin secretion rather than a specific response to the intravenous glucose. As body fat increases, the range of reported plasma leptin concentrations at any given level of body fat also increases (11, 18) . The variability in plasma leptin concentrations indicates that factors other than body fat mass contribute to the regulation of leptin production. The results of the present study raise the possibility that differences in the degree of insulin resistance may explain some of the variability in plasma leptin concentration in humans. However, our study is unable to elucidate the mechanism or mechanisms by which insulin sensitivity might regulate leptin production. The absence of a change in plasma leptin during the rVGTT excludes the possibility of an acute effect of insulin on leptin production or clearance.
In summary, the results of the present study demonstrate that insulin resistance, independent of adiposity, is associated with elevated plasma leptin concentrations. Although we found insulin did not regulate leptin production acutely, it is possible that chronically elevated plasma insulin concentrations stimulate OB gene expression.
